ABSTRACT . Purified human reovirus contains RNA methylase activity in addition to an RNA polymerase. Virions incubated under appropriate conditions in the presence of S-adenosyl-L-methionine synthesize mRNA that is specifically methylated in the 5'-terminal guanosine. Alkaline digestion of the methylated RNA released a 5'-terminal dinucleotide, ppG'pCp, indicating that the guanosine contains 2'-O-methylribose. The possible roles of methylation in viral and cellular mRNA function is discussed.
The genome of human reovirus consists of ten segments of double-stranded RNA (1) , each containing the same two 5'-terminal sequences: GpApUp in the nminus (-) strand and G'pCp in the plus (+) strand (2) . G' presumably is 2'-Omethylated guanosine, since the G'pCp sequence is resistant to hydrolysis by alkali or T1 RNase (2) . A virion-associated RNA polymerase transcribes only the (-) strand of each reovirus duplex segment (3) (4) (5) (6) . The resulting ten (+) species of single-stranded RNA function as viral mRNA (7, 8) . In addition, they serve as precursors to the double-stranded genome segments (9) , suggesting that reovirus mRNA may also be methylated at the 5'-termini. A similar situation exists for another double-stranded RNA virus, cytoplasmic polyhedrosis virus (CPV) of insects (10, 11) . Furuichi recently found that the single-stranded viral RNA synthesized in vitro by the cytoplasmic polyhedrosis virus-associated transcriptase in the presence of S-adenosyl-L-methionine contains 1.2 methyl groups per RNA molecule of average chain length 2300 nucleotides (12) . In the view of the above results and the report that mouse L cell mRNA contains 2.2 methyl groups per 1000 nucleotides (13) , it was of interest to test the possibility that reovirus mRNA is methylated.
MATERIALS AND METHODS
Reovirus type 3, Dearing strain, was grown in mouse L cells in suspension culture and purified as described (3) .
RNA was synthesized by the virion-associated transcriptase by incubating 70 u~g of purified reovirus with 30,ug of chymotrypsin for 30 min at 450 in a standard reaction mixture con- 450 , and samples of 0.02 ml were removed to 5 ml of trichloroacetic acid-sodium pyrophosphate (10% each) at the' indicated times. After 30 min at 00, they were filtered through Millipore filters, washed, and counted in toluene-based scintillation fluid.
Analysis of RNA products by velocity sedimentation in sucrose gradients (3) and chromatography oIn DEAE-cellulose in the presence of 7 AI urea has been described (14) .
[ (Fig. 1). [methyl-3H ]Methionine did not replace S-adenosylmethionine as a methyl donor. As described for the reovirus RNA polymerase (3) (4) (5) , methylase activity is also associated with purified cores prepared from chymotrypsin-digested virions (data not shown).
RNA synthesis was unaffected by the analogue of S-adenosylmethionine, S-adenosyl-L-homocysteine- (Table 1) and S-adenosyl[methyl-'H]methionirte to methylate residues in the RNA products. Since reovirus contains a phosphohydrolase activity that cleaves the y-phosphate from nascent RNA products, the 5'-termini of the resulting ten species of mRNA are '2ppG (14) . As shown in Fig. 3A , after alkaline digestion of the radioactive mRNA, most of the 'H and all of the 32p elu.ted from a DEAE-cellulose-urea column with a net negative charge between -5 and -6 (about 0.18 M NaCl), (14) . Samples of 2 ml were eluted with a linear NaCl gradient [0.05-0.3 M in 50 mM Tris buffer (pH 8.0), 7 M urea] , and aliquots were counted in a mixture of 2-methoxyethanol, 2,5-diphenyloxazole (PPO), 1,4-bis[2-4-(methyl-5-phenyloxazolyl)]-benzene (POPOP), and toluene (14) . The elution positions of oligonucleotides of net negative charge -2 to -6 (arrows) were determined by mixing with the sample a digest of yeast tRNA (1 mg treated with 0.1 mg of pancreatic RNase for 7 hr at 370 in 0.5 ml of 0.1 M Tris buffer, pH 7.2) and recording the A260 nm profile. the position of a dinucleotide with the structure ppG'pCp. The same peak of radioactivity was obtained from T1 plus pancreatic RNase-digested mRNA (data not shown). The 3H that did not bind to the column at 0.05 M NaCl (18% of the total) was not further characterized. The ratio in pmoles of [3H ]methyl/32ppG in the alkaline-resistant material estimated from the specific activities of the precursors in two separate experiments was 32/38 and 38/30, or an average of 1 methyl group per 5'-terminal dinucleotide.
In order to determine the composition of the alkali-resistant material, synthesis was carried out with [ Cell-free extracts of wheat germ were prepared and incubated as described (15) Reovirus mRNA was synthesized in the presence and absence of 0.1 mM adenosylmethionine under standard conditions. After synthesis at 450 for 2 hr, viral cores were removed by centrifugation (20 min, 27,000 X g), and the mRNA was purified by phenol extraction, gel filtration through Sephadex G-50-, and ethanol precipitation (3, 14) . digest of methylated RNA, i.e., synthesized with adenosylmethionine in the incubation mixture, is shown in Fig. 3B . The 32p eluted quantitatively in one peak at 0.18 M NaCl, as in Fig. 3A . There was also a coincident peak of 3H, comprising 0.1% of the total 3H-labeled material, although most of the 3H eluted as Cp at 0.08 M NaCl. The radioactivity in combined fractions 52-62 corresponds to a total of 15 pmoles of 3H and 13 pmoles of 32p, i.e., a molar ratio close to the value of 1.0 expected for ppG'pCp.
The elution profile of the digested unmethylated RNA is shown in Fig. 3C . A single 32P-labeled comp)onent was present again, but it eluted at a NaCl concentration of 0.17 M, consistent with a structure having a net charge of -4 to -5.
Furthermore, in contrast to the profile of digested methylated RNA shown in Fig. 3B , no 3H-labeled material eluted with the 32P-labeled nucleotides. It is concluded that alkali released 32p)pGp from the 5'-ends of unmethylated mRNA.
The results indicate that reovirus mRNA synthesized in the presence of adenosylmethionine, like the (+) strand of the genome double-stranded RNA, contains methylated guanosine at the 5'-termini. Since a 5'-terminal dinucleotide, ppG'-pCp, is released from methylated RNA by alkali (or T1 plus pancreatic RNase) digestion, it is likely that methylation is at the 2'-position of the ribose moiety, but an average value of between 1 and 2 methyl groups per RNA chains before alkaline hydrolysis (Fig. 2 ) may indicate that a ring position of the 5'-terminal guanosine can also be substituted .Messenger Activity of Methylated RNAA. Unmethylated, single-stranded reovirus RNA synthesized in vitro has been translated with fidelity in cell-free systems from several sources (7, 8) , including wheat germ extracts (Both, Lavi, and Shatkin, unpublished results), which are notable for their low endogenous activity (15 (3) (4) (5) 17) . In addition to the genome RNA, reovirus cores consist of 1 minor and 3 major polyleptides (3, 18) , and they may correspond to the RNA polymerase, methylase, and l)hosphohy(lrolase activities.
Like the (+) strand of the double-stranded genome RNA of reovirus (2) and insect cytoplasmic polyhedrosis virus (10) , only the 5'-terminal nucleotide is modified in the singlestranded RNA synthesized by the reovirion transcriptase. Unmethylated, single-stranded reovirus RNA is not a substrate for the reovirion methylase activity, suggesting that the enzyme modifies only nascent RNA chains, as reported for the virion-associate(l l)hosphohydrolase (14) . Alternatively, the cores may be impermeable to exogenous mRNA. The singlestrandled RNA synthesized in vitro by cytol)lasmic polyhedrosis virus is also methylated during the initial stages of transcril)tion, and it has been suggested that the two processes are coupled because the transcriptase of cytol)lasmic polyhedrosis virus is stimulated by the presence of S-adenosylmethionine (12) . The similarity between the 5'-termini of the reovirus transcription products and the (+) strands of the double-stranded genome segments lends further support to the eviclence that the genome of double-stranded RNA-containing viruses are formed by way of single-stranded intermediates (9) .
The RNA synthesized in vitro by cytol)lasmic l)olyhedrosis virus contains an average of 1.2 methyl groups per chain (12) . Reovirus mRNA molecules also contain an average of 1 methyl group in the 5'-terminal guanosine, probably as 2'-0-methylribose. Since nucleotide methylations are mediated by specific enzymes, reovirus and cytoj)lasmic polyhedrosis virus presumably contain different methylases. Vesicular stomatitis virus also contains methylase activity in addition to RNA l)olymerase, and the single-stranded viral mR.NA synthesized in vitro by purified virions is methylated to the extent of about 3 methyl groups per RNA chain (A. K. Banerjee, l)ersonal conmunication). Base-specific tRNA methylases have been described in preparations of RNA tumor viruses. These include N2-guanine methylase in avian myeloblastosis virus, Rous sarcoma virus and Rous-associated virus, and N'-adenine methylase in Rous sarcoma virus (19, 20 
